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How cells convert polarity cues into cell fate specifi-
cation is incompletely understood. Here, we show
that Wnt/b-catenin and Wnt/PCP signaling coop-
erate in this process in early Xenopus embryos. We
find that the Wnt coreceptor Lrp6 is asymmetrically
localized to the basolateral membrane in ectodermal
blastomeres. Lrp6 asymmetry is controlled by Wnt/
PCP signaling, indicating that this pathway regulates
not only planar- but also apicobasal cell polarity.
Following asymmetric cell division, Lrp6 preferen-
tially sorts to the deep ectodermal cell layer and
becomes depleted in the epithelial cell layer. This is
accompanied by elevated Wnt/b-catenin signaling
in deep cells, which in turn promotes their differenti-
ation into ciliated cells. We conclude that coordi-
nated Wnt/PCP andWnt/b-catenin signaling convert
apicobasal polarity information to specify ecto-
dermal cell fate.
INTRODUCTION
How cell polarity determinants are regulated and how their polar-
ized distribution is converted into distinct cell fates are key ques-
tions in development. Little is known about the role of growth
factors involved in these processes, notably in vertebrates. In
Drosophila embryos Notch signaling regulates neural cell fates
in polarized progenitors (Knoblich, 2010). In Caenorhabditis ele-
gans, polarized EGF signaling is essential for vulva formation
(Simske et al., 1996). Also in C. elegans, Wnt/b-catenin signaling
regulates asymmetric cell division to produce daughters with
distinct fates (Gleason and Eisenmann, 2010; Sawa, 2012). It is
well established that Wnt/planar cell polarity (PCP) signaling
plays a key role in vertebrate morphogenesis (Wallingford,
2012), but how PCP relates to the pathway’s ability to also regu-
late cell differentiation is poorly understood.
We have studied the role of polarized Wnt signaling in the
ventral ectoderm of Xenopus embryos, which gives rise to
skin. The larval skin is composed of at least three cell types:
mucus secreting goblet cells make up the bulk of the skin. Inter-
spersed between goblet cells are multiciliated cells and proton
pumping ionocytes (Billett and Gould, 1971; Drysdale and Eli-
nson, 1992; Dubaissi and Papalopulu, 2011; Hayes et al.,250 Developmental Cell 29, 250–257, April 28, 2014 ª2014 Elsevier I2007; Quigley et al., 2011). Lineage tracing experiments showed
that goblet and ciliated cells arise from different precursors of the
ventral ectoderm, namely the outer epithelial layer of apicoba-
sally polarized cells (epithelial cells) and the inner layer of nonpo-
larized cells (deep cells), respectively (Drysdale and Elinson,
1992) (for a schematic overview, see Figure S1A available
online). The deep layer arises from the epithelial layer by asym-
metric cell divisions, where the cleavage plane is parallel to the
apical membrane (Chalmers et al., 2003). These asymmetric
cell divisions occur with a frequency of 20% and they are
fate-determining for future primary neurons on the dorsal side
(Chalmers et al., 2002, 2003; Hartenstein, 1989) and ciliated cells
on the ventral side (Deblandre et al., 1999). Consequently, genes
regulating apicobasal polarity also impact epithelial cell fate, as
is the case for atypical protein kinase C (aPKC), lethal giant
larvae (LGL), Crumbs3, Par1, and Rab11 (Chalmers et al.,
2002, 2005; Dollar et al., 2005; Kim et al., 2012; Ossipova
et al., 2007; Sabherwal et al., 2009; Tabler et al., 2010). More-
over, Notch signaling in the epithelial cell layer inhibits ciliated
cell differentiation and restricts it to the deep layer (Chalmers
et al., 2002; Chitnis et al., 1995; Deblandre et al., 1999; Ossipova
et al., 2007), consistent with the conserved role of Notch
signaling in regulating cell fate choice in polarized cells (Kno-
blich, 2010). While Wnt/b-catenin signaling is active in Xenopus
early ectodermal cells (Glinka et al., 1997; McGrew et al.,
1997), its role in cell polarity and ectodermal cell specification re-
mains unexplored. Here, we show that Wnt/b-catenin and Wnt/
PCP signaling cooperate in polarized ectodermal cells to specify
ectodermal cell fate.RESULTS
Lrp6 Basolateral Localization in Epithelial Cells
Depends on Wnt/PCP Signaling
Low density lipoprotein receptor-related protein 6 (Lrp6) is a
transmembrane coreceptor for Wnts and plays a key role in rout-
ing Wnt signaling toward the b-catenin pathway (He et al., 2004).
We analyzed the distribution of Lrp6 by immunofluorescence
microscopy in early Xenopus embryos. Total Lrp6 and its Wnt-
activated form, phospho-Lrp6 (pLrp6), were detectable from
1-cell stage embryos onward and showed a marked enrichment
in the animal hemisphere of sectioned embryos (Figures 1A and
S1B). Specificity of the antibody staining was confirmed in lrp6
Morphants (Figure S1C). Interestingly, both pLrp6 and Lrp6
were localized in the basolateral domain of the outer epithelial
cells of blastulae and gastrulae, but were excluded from thenc.
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Figure 1. Lrp6 Is Basolaterally Localized in
Xenopus Outer Ectodermal Cells
(A–D) Confocal immunofluorescence microscopy
of embryos at the indicated stages stained for
endogenous Lrp6 (A), and at stage 9 stained for
Lrp6, pLrp6 (B and C), or vesicle markers (D)
(green). b1-integrin (red) delineates the basolateral
membrane. Nuclei were counterstained with
Hoechst (blue). White square in (B) marks the
magnified area shown in (C). Arrow and dashed
lines, apical membrane; arrowhead, basolateral
membrane. Scale bars represent 30 mm. Experi-
ments were typically carried out independently at
least three times with similar results. For each
experiment, more than 10 embryos per sample
were analyzed.
See also Figure S1.
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Figure 2. Lrp6 Apicobasal Asymmetry Requires Wnt/PCP Signaling
(A–N) Confocal immunofluorescence microscopy of tagged (A–H, L, and M) or endogenous (I–K and N) proteins in blastulae. Embryos were injected with tagged
LRP6, Dvl, or Par1T560A mRNAs and Morpholino oligonucleotides (MO) as indicated. Unless the color code is indicated, b1-integrin delineates the basolateral
membrane in red. Dashed lines, apical membrane; arrowheads, cells with symmetric protein localization in green channel. Scale bar applies to all panels and
represents 30 mm. (A0 ) LRP6 deletion constructs scheme. Experiments were typically carried out independently at least three times with similar results. For each
experiment, more than ten embryos per sample were analyzed.
See also Figure S2.
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Polarized Wnt Signalingapical domain (Figures 1B and 1C). Because both total and
pLrp6 showed the same apical exclusion, we focused on total
Lrp6 in the remainder of this study. Other proteins including
endosomal markers EEA1, Caveolin, and Catalase showed no
apical exclusion (Figure 1D).
By injection of mRNAs encoding either full-length or truncated
LRP6, we found that the intracellular domain of the receptor was
required for apical exclusion, whereas the extracellular part was
dispensable (Figures 2A–2C and 2A0; quantification in Figure S2).
The Lrp6 intracellular domain binds Dishevelled (Dvl), a scaffold
protein that regulates apicobasal polarity in Xenopus ectoderm
(Dollar et al., 2005). Indeed, Dvl colocalized with LRP6 in the
basolateral membrane (Figure 2E). Moreover, in dvl Morphants
(Dollar et al., 2005), LRP6 was no longer polarized (Figure 2D).
Injection of dvl mRNAs encoding deletion constructs showed252 Developmental Cell 29, 250–257, April 28, 2014 ª2014 Elsevier Ithat the PDZ and DEP domain are required for polarized Dvl
localization, while the DIX domain is dispensable, (Figures 2F–
2H). Because the DIX domain is necessary for b-catenin sig-
naling and the PDZ and DEP domains are required for Wnt/
PCP signaling (Boutros et al., 1998), the result suggested that
Wnt/PCP signalingmay regulate apicobasal cell polarity. Indeed,
knockdown of fz7 or wnt5a with Morpholinos (MOs), both of
which inhibit Wnt/PCP signaling in Xenopus (Ohkawara and
Niehrs, 2011), abolished endogenous Lrp6 (Figures 2I–2K) and
Dvl polarity (Figures 2L and 2M). RNA injection of the nonphos-
phorylatable form of Par1 (T560A), which promotes the basolat-
eral compartment and deep cell fate (Ossipova et al., 2007),
inhibited apical exclusion of Lrp6 (Figure 2N), suggesting that
the Wnt/PCP and Par1 pathway intersect in apicobasal polarity
regulation. We conclude that Wnt/PCP signaling is required fornc.
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Polarized Wnt SignalingLrp6 apicobasal polarization in Xenopus outer epithelial cells.
Moreover, we provide evidence that Wnt/PCP signaling not
only regulates planar- but also apicobasal cell polarity.
Deep Cells Preferentially Inherit Lrp6 and Show
Elevated Wnt/b-Catenin Signaling
When outer epithelial cells in Xenopus embryos divide asymmet-
rically to give rise to one outer and one deep daughter cell, the
deep cell preferentially inherits basolaterally localized proteins.
As a consequence, basolateral proteins become progressively
enriched in the deep ectodermal layer (Chalmers et al., 2003).
Accordingly, outer animal blastomeres in process of asymmetric
division preferentially inherited Lrp6 in the basal daughter cell
where the protein covered the whole plasma membrane,
whereas in the apical daughter cell Lrp6 only covered approxi-
mately half of the vegetal plasma membrane (Figure 3A). Lack
of apical Lrp6 staining in these cells was not due to quenching
by apical pigment granules, as controlled by membrane-bound
YFP (Figure S3A).
Consistent with Lrp6 becoming progressively sorted to basal
daughter cells, at gastrula stage the deep ectodermal layer con-
tained more Lrp6 than the outer epithelial layer by immunoblot
analysis (Figure 3B). Moreover, injection of wnt5a or fz7 MO as
well as Dvl-DPDZ or Dvl-DDEP inhibited the deep layer enrich-
ment of Lrp6 (Figure 3B), corroborating that Wnt/PCP signaling
regulates apicobasal Lrp6 polarity.
If the basal blastomeres and deep cell layer harbor more of the
Wnt coreceptor Lrp6, they may also display higher Wnt/b-cate-
nin signaling than the apical blastomeres and epithelial layer.
Indeed, Wnt/b-catenin luciferase reporter activity (TOPFLASH)
of endogenous Wnt signaling as well as expression of specific
markers of Wnt/b-catenin signaling (siamois and axin2) were
elevated in dissociated basal blastomeres (Figures 3C and 3D)
and dissected deep cell layers (Figures 3E and S3B) at gastrula
and neurula stage, respectively. Wnt/PCP luciferase reporter
also showed slightly higher activity in the deep cell layer (Fig-
ure S3B). An Activin (TGF-b) reporter showed preferentially
apical/epithelial (Figures 3C and S3B), albeit weak luciferase
activity. The Notch target gene esr6 (Deblandre et al., 1999)
was completely restricted to apical blastomeres and the epithe-
lial layer (Figures 3D and 3E). Importantly, injection of wnt5a/fz7
MO inhibited the deep layer enrichment of axin2 expression (Fig-
ure 3F) without affecting total Wnt/b-catenin signaling in animal
explants (Figure S3C). Thus, Wnt/PCP signaling regulates the
distribution of Wnt/b-catenin signaling in Xenopus ectoderm,
promoting it in deep cells and depleting it in epithelial cells.
Wnt/b-Catenin Signaling Promotes Ciliated Cell Fate
The above results raised the possibility that elevated Wnt/
b-catenin signaling in deep cells may promote their differentia-Figure 3. Deep Cells Display Elevated Levels of Lrp6 and Wnt/b-Caten
(A) Scheme and immunofluorescence confocal microscopy of isolated single oute
b1-integrin were stained as indicated. Scale bar represents 50 mm; pig, pigment
(B) Scheme and western blot analysis of dissected ectodermal cell layers (stage
(C–F) Luciferase reporter assays for the indicated signaling pathways and qRT-P
dissected ectodermal cell layers (E and F). rlu, relative light units. Error bars, SD. E
(A), more than 50 blastomeres were analyzed.
See also Figure S3.
254 Developmental Cell 29, 250–257, April 28, 2014 ª2014 Elsevier Ition into multiciliated epidermal cells. Indeed, the number of
multiciliated cells (marked by acetylated-tubulin) (Piperno and
Fuller, 1985), was strongly reduced in lrp6- and b-catenin Mor-
phants, but was increased following b-catenin mRNA injection
(Figures 4A–4D and 4A0–4D0; quantification in Figures 4G and
S4A). The supernumerary multiciliated cells were mostly local-
ized in the outer layer (Figures S4B and S4B0) suggesting cell
fate conversion of epithelial cells. Conversely, expression of
the epithelial markers XK70b and E-keratin (Winkles et al.,
1985) was reduced by b-catenin mRNA injection but increased
in b-catenin Morphants (Figures 4H and 4L), while the deep cell
markers a-tubulin and inca B (Luo et al., 2007; Ossipova et al.,
2007) showed the opposite response (Figures 4I and 4M). We
conclude that during ventral ectodermal cell differentiation,
Wnt/b-catenin signaling promotes ciliated cell differentiation
and inhibits epithelial cell fate. For dorsal ectodermal cell differ-
entiation into neurons, we did not detect differences upon Wnt
manipulation (data not shown).
These results suggest that the purpose of segregating Lrp6 is
to restrict high Wnt/b-catenin signaling levels and hence ciliated
cell differentiation to deep cells. In this case, attenuating Lrp6
asymmetry, e.g., by inhibiting Wnt/PCP signaling, should lead
to enhanced ciliated cell differentiation because Lrp6 and thus
Wnt signaling ‘‘spill over’’ into epithelial cells. Consistent with
this hypothesis, in fz7 andwnt5aMorphants multiciliated cell dif-
ferentiation (Figures 4E, 4F, 4E0, and 4F0; quantification in Figures
4G and S4A) and deep cell markers were increased (a-tubulin,
inca B; Figures 4K and 4O), while epithelial markers were
decreased (E-Keratin, XK70b; Figures 4J and 4N), consistent
with conversion of epithelial cells to multiciliated cells.
DISCUSSION
The hallmark of noncanonical Wnt signaling is its role in the
polarization of cells within the plane of an epithelium, in a direc-
tion perpendicular to the axis of apicobasal polarity. Our results
indicate that Wnt/PCP signaling also regulates apicobasal cell
polarity. This is consistent with the findings that Dvl and Par1,
which play a role in Wnt/b-catenin as well as Wnt/PCP signaling,
also function in the regulation of apicobasal cell polarity in
Xenopus ectoderm (Ossipova et al., 2005, 2007; Tabler et al.,
2010). It will be interesting to analyze if Wnt/PCP signaling acts
permissively, i.e., if it is essential for the ability of the ectodermal
cells to polarize, or whether (e.g., Wnt5a) is itself a polarizing cue.
Our results support a model in which Wnt/PCP signaling reg-
ulates Lrp6 apicobasal polarity in Xenopus outer ectodermal
cells via Dvl and thereby restricts Lrp6 to the basolateral domain.
Asymmetric cell division then sorts Lrp6 to the deep ectodermal
layer, leading to elevated b-catenin signaling, which promotes
multiciliated cell differentiation. Thus, coordinated Wnt/PCPin Signaling
r blastomere from the animal region of a 64-cell embryo. Endogenous Lrp6 and
. See also Figure S3.
10+). Embryos were injected with the indicated MOs or mRNAs.
CR analysis of the indicated genes from dissociated blastomeres (C and D) or
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Developmental Cell
Polarized Wnt Signalingand Wnt/b-catenin signaling regulates the cell fate choice in
asymmetrically dividing cells in Xenopus ectoderm. In other
words, Wnt signaling converts polarity into cell fate. In support
of this model, in Xenopus mesodermal cells, where Wnt/PCP
signaling controls convergent extension movements, Lrp6 is
also asymmetrically localized (Tahinci et al., 2007). Similarly,
very recently it was shown that a Wnt-soaked bead can induce
asymmetric distribution of Lrp6 and polarize ES cells (Habib
et al., 2013). These studies corroborate the idea that Wnt
signaling can convert polarity information into cell fate choice,
and hence our findings may be of general significance. In the
future, it will be interesting to analyze how apical regulators
such as aPKC and Notch signaling crosstalk with Wnt signaling
pathways in epithelial cells.
EXPERIMENTAL PROCEDURES
Antibodies
Sources of antibodies were: anti-pLRP6 (Tp1479) (Davidson et al., 2005);
anti-LRP6 (C5C7; Cell Signaling); anti-b1-integrin (8C8; DSHB); anti-EEA1
(BD-PharMingen); anti-Caveolin (BD-PharMingen); anti-Catalase (Abcam);
anti-Erk (Sigma); anti-GFP (Molecular Probes); anti-myc epitope (9E10;
Sigma); and anti-acetylated-tubulin (Sigma).
General Xenopus leavis Methods
In vitro fertilization, embryo culture, preparation of mRNA, microinjection, and
culture of Xenopus leavis embryo explants were performed as described
(Gawantka et al., 1995). The mRNA doses for injections were, per embryo,
1 ng LRP6-EGFP, 1 ng LRP6-DE1-4-EGFP, 1 ng 6MT-LRP6, 1 ng 6MT-
LRP6-DC, 500 pg dvl-GFP, 500 pg dvl-DDIX-GFP, 500 pg dvl-DPDZ-GFP,
500 pg dvl-DDEP-myc, 500 pg par1-T560A (kind gift from S. Sokol), 500 pg
b-catenin, and 250 pg membrane-bound YFP (kind gift from N. Kinoshita).
Whenever necessary, preprolactin (ppl) was used as control.
The antisense Morpholino oligonucleotides (MO; Gene Tools) were de-
scribed and used as follows (per 4-cell blastomere): 1 ng lrp6 (Hassler et al.,
2007); 10 ng dvl (Sheldahl et al., 2003); 5 ng b-catenin (Heasman et al.,
2000), 5 ng wnt5a (Schambony and Wedlich, 2007); and 5 ng fz7 (Winklbauer
et al., 2001). Equal amounts of total MOs were injected by adjustment with the
standard control MO (Gene Tools), where necessary.
For embryo injection, mRNA/DNA/MO was injected animally from 2-cell
stage to 8-cell stage. Ectodermal cell layers were manually dissected at early
gastrula (stage 10) and either immediately homogenized for western blot anal-
ysis or cultivated in 0.53Barth until neurula stage for reporter assay and quan-
titative RT-PCR (qRT-PCR) (stages 13–18 for axin2, E-keratin, and a-tubulin;
stage 19 for XK70b and incaB). For isolated blastomere experiments, embryos
were devitellinated at 2-cell stage and dissociated in Ca2+-free MBSH until 32-
cell stage. Single animal (pigmented) blastomeres were collected and culti-
vated for one more cell division. From asymmetrically dividing blastomeres
apical and basal daughter cells were collected separately and either immedi-
ately fixed in Dent’s fixative for immunofluorescence or cultivated in 0.53
Barth until early gastrula (stage 10+) for qRT-PCR and reporter assay.
Luciferase Reporter Assays, qRT-PCR, and Western Blot
For luciferase reporter assays, 2-cell stage embryos were injected animally
with 50 pg per embryo of pRenilla-TK DNA together with 400 pg TOPFLASHFigure 4. Lrp6 Asymmetry and Wnt/b-Catenin Signaling Regulate Cilia
(A–F) Immunofluorescence microscopy of ciliated cells stained for acetylated-tu
cryosections from the flank of the embryo (A0–F0) are shown. Embryos were unila
injected). Upper panels: magnifications of the boxed areas; arrowheads, ciliated
(G) Quantification of ciliated cells in (A)–(F) showing relative Ac-tubulin positive cel
Ac-tubulin positive cells for each uninjected embryo side. Error bars, SD.
(H–O) qRT-PCR analysis of XK70b, inca B, E-keratin, and a-tubulin of dissected e
were typically carried out three times with similar results.
See also Figure S4.
256 Developmental Cell 29, 250–257, April 28, 2014 ª2014 Elsevier IDNA containing three copies of the TCF-binding site, ATF2-luciferase (van
der Sanden et al., 2004), or ARE-luciferase plasmid DNA. Three pools of 15
epithelial/deep layers dissected at stage 10 and cultivated until neurula stage
or more than 50 single blastomeres cultivated until stage 10+ were lysed with
passive lysis buffer (Promega) and assayed for luciferase activity using the
Dual luciferase system (Promega).
qPCR assays were performed using an LC480 light cycler (Roche). PCR
primers used for amplification of Xenopus laevis transcripts are provided in
the Supplemental Experimental Procedures.
For western blot analysis, explants were homogenized in Triton lysis
buffer (1% Triton X-100, 50 mM Tris-HCl pH 7.0, 150 mM NaCl, 10 mM
NaF, 5 mM Na3VO4, 1 mM PMSF, and protease inhibitors [Roche]) at five
explants per 10 ml. Homogenates were extracted with Freon and analyzed
by SDS-PAGE.
Immunofluorescence Analysis
For immunofluorescence staining of embryos frommorula stages until gastrula
stage, embryos were cut into halves and fixed first with 2% PFA in 13Marc’s
Modified Ringers (MMR) at room temperature for 1 hr and then postfixed with
Dent’s fixative at 20C overnight. Cryosection and immunostaining was
essentially carried out as described (Fagotto and Gumbiner, 1994) and spec-
imens were mounted in Fluoromount-G. Nuclei were counterstained with
Hoechst. Explants were examined on a confocal laser-scanning microscope
(Nikon C1plus).
To stain ciliated cells, embryos were injected at 2-cell stage unilaterally with
mRNA/MOs together with fluorescein-dextran as lineage tracer, cultivated
until neurulae, and fixed in Dent’s overnight. Fixed embryos were either
cryosectioned and immunostained as described above or proceeded for
whole-mount immunostaining as follows: embryos were rehydrated, washed
with PBS/0.1% Triton X-100 (PBT), and blocked with PBT containing 10%
heat-inactivated normal goat serum (PBT/HIGS) for at least 1 hr. Embryos
were incubated with primary antibody, acetylated-tubulin, in PBT/HIGS over-
night at 4C. After washing, embryos were incubated in AlexaFluor-conjugated
goat anti-igG, washed in PBT, and imaged on a Zeiss stereo-microscope
(Discovery.V20). For quantification, the number of acetylated-tubulin positive
cells within a defined window for control and injected sides were counted.
Relative change was calculated by dividing the difference of injected side
and control side by control.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2014.03.015.
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bulin in neurulae. Dorsal view of whole embryos (A–F) or confocal images of
terally injected with the indicated mRNAs or MOs (left side, control; right side,
cells. Experiments were typically carried out three times with similar results.
l number normalized to the control side; n > 10 embryos per condition and >500
ctodermal cell layers injected with the indicated mRNAs or MOs. Experiments
nc.
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